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Abstract : We show, with an example of Na92i. that for jellium metal clusters the interference o f fast electron-waves emitted from equivalent 
.Sites on the cluster edge produces monochromatic oscillations in all photoionization obseivable$ as a function of the photoelectron momentum; 
the effect is equivalent to the usual dispersion phenomenon. In dealing with formalisms, a serious consequence of the inadequacy of self- 
interaction corrected local density-functional theory in correctly accounting for the exchange interaction is identified. We also briefly discuss 
the influence of the ionicity o f the residual core on photospectra by considering the neutral member with 58 and and the ionic member with 
V' 52 of the Na5« iso-jellium series, where N  is the number of valence electrons. A few final remarks on possible implications of these results on 
other quantum systems of delocalized electrons are made.
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1. In troduc tion
Due to the n c a r-C o u Io m b  c h a ra c te r  o f  a  ty p ic a l a to m ic  
potential with its s tro n g  a ttrac tiv e  b e h a v io r  a t c lo se  d is tances 
resulting e lec tro n ic  w a v e fim e tio n s  a re  g e n e ra lly  c o m p a c t 
iround the nucleus. A s a  resu lt, e lec trons in  an  a tom  are  largely  
localized. T h e re  a re  tw o  im p o rta n t c o n se q u e n c e s  o f  th is  
property. First, s in ce  th e  g rad ien t o f  su ch  a  p o ten tia l varies 
imoothly, e lec tro n s  can  rece iv e  th e  n ece ssa ry  reco il fo rce  
'r<iV/dr) to p h o to io n ize  fro m  'everyw here* w ith in  th e  spatia l 
‘xteni o f  th e  sy s te m . S e c o n d , a n y  ra p id  v a r ia tio n  o f  th e  
Potential w ith in  a  sm a ll ra n g e  d o es  n o t s ig n ific an tly  a ffec t 
)hoto-dynamical p ro p e r tie s , b e c a u se  th e  p o ten tia l w ith  its 
slope p rac tic a lly  o v e rw h e lm s  su ch  local s truc tu res .
the o th e r  h a n d , a to m ic  c lu s te rs  e x h ib it p ro p e rtie s  th a t 
^ver across th e  re a lm  b e tw een  th e  s in g le  a to m  an d  th e  bu lk , 
contrary to  th e  a to m ic  con tex t, w h ere  th e  n uc leus is p rac tica lly  
*‘”»ensionlcss, a  sy s tem  o f  p o s itiv e  co re - io n s  w ith  a  ce rta in  
ex tension  p ro v id e s  th e  n e c e ssa ry  b in d in g  fo r  v a len ce  
'*®ctrons in a  c lu s te r . T h is  b a c k g ro u n d  p o sitiv e  co re  can  b e  
approximated a s  a  h o m o g e n e o u s ly  s m e a re d  o u t  c h a rg e  
ition, th e  je lliu m , fo r  a  c lu s te r o f  su ffic ien tly  large atom s
w ith  o n e  o r  tw o  v a len ce  e lec tro n s p e r  a tom . C o n seq u en tly , 
the  effective potential o f  such a  system  acquires, in com parison  
to  th e  a to m ic  po ten tia l, a  rad ica lly  d iffe ren t sh ap e  b y  h av in g  
a  fla t in te rio r and  a  sharp  edge. W e fo cu s in th is  p a p e r  on  th is  
a sp ec t o f  the  c lu s te r p o ten tia l to  scru tin ize  h ow  d oes th e  shape  
influence the  h igh  energy  pho to ion iza tion  b eh av io u r o f  a  m etal 
c lu s te r  an d  its* ions. W e fu r th e r  p o in t o u t a n  u n p h y s ic a l 
co n seq u en ce  o f  an a d  h o c  co rrec tio n  schem e d ia t is p o p u la rly  
a p p lie d  to  th e  K o h n -S h a m  lo c a l-d e n s ity - a p p ro x im a tio n  
(L D A ) to  acco u n t fo r sp u rio u s se lf-in te rac tio n s .
2. R e su lts  a n d  d is c u ss io n s
A lka li-m eta l c lu s te rs  h av in g  o ne  va len ce  e lec tro n  p e r  a tom  
can  b e  w ell d escrib ed  b y  a  sp h erica l je l liu m  m o d e l w h ich  
en tire ly  d isreg ard s th e  s tru c tu re  o f  th e  ion ic  co re  [1]. T he 
S ch rad in g e r eq u a tio n  can  th en  be ap p ro x im a te ly  so lv ed  by  
so m e g ro u n d  sta te  m an y  b o d y  th eo ry  c o n sid e rin g  C o u lo m b  
in te rac tions am o n g  o n ly  v a len ce  e lec trons . A s p o in ted  o u t, 
th e  re su ltin g  rad ia l p o ten tia l (V )  ty p ica lly  b eh av es  f la t from  
th e  o rig in  u p to  a lm o st th e  ed g e  a n d  th en  o v e r  a  sh o r t ran g e  
a c ro s s  th e  e d g e  ( r  =» R c) p ro d u c e s  a  s te e p  b a r r ie r .  T h is  
b eh av io u r p h y sica lly  im p lies  th a t th e  v a len c e  e lec tro n  c lo u d
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is  q u a s i-fre e  o v e r  th e  m o s t o f  th e  in te rio r reg io n  o f  th e  c lu s te r  
b u t  fe e ls  a  ra th e r  s tro n g  c o n fin in g  fo rce  in  th e  v ic in ity  o f  th e  
s u r f a c e .  T o  u n d e r s t a n d  th e  b a s i c  m e c h a n i s m  o f  th e  
p h o to io n iz a tio n  fro m  such  sy s tem s  le t u s  c o n s id e r  th e  d ip o le  
am p litu d e  o f  a  ty p ic a l n l  - >  e V  tran s itio n . T h e  rad ia l m a trix  
e le m e n t in th e  a c c e le ra tio n  fo rm  o f  th e  d ip o le  in te rac tio n , 
th a t  is  p ro p o r tio n a l to  th e  io n iz a tio n  re c o i l fo rc e , is  th e n  
n i W ^ l d r \ ¥ \  c o u r s e ,  th e  d u a l  a s s u m p tio n  o f  
sp h e r ic a l sy m m e try  a n d  u n p o la r iz e d  p h o to n  is  im p lied . N o w , 
th e  s tru c tu re  o f  V  c le a rly  su g g es ts  th a t its ra d ia l d e riv a tiv e  
m u s t s h o w  a s t ro n g  p e a k  a t  th e  e d g e  w h ile  is  v ir tu a l ly  
v a n is h in g  e ls e w h e r e .  T h is  m e a n s  th a t  th e  p r e d o m in a n t  
c o n tr ib u tio n  to  th e  o v e rla p  in teg ra l w ill co m e  from  th e  ed g e , 
w h ic h  e q u iv a le n tly  im p lie s  th a t  p h o to e le c tro n s  w ill la rg e ly  
e m it from  th e  su rfa c e  re g io n  w h e re  it re c e iv e s  e n o u g h  re c o il 
to  e jec t. S tro n g  c o n tr ib u tio n 'to  th e  a m p litu d e  f ro m  e q u iv a le n t 
s ite s  o f  th e  c lu s te r  e d g e  w ill , th e re fo re , sh o w  th e  s ig n a tu re  o f  
in te rfe re n c e  in  th e  fo rm  o f  o sc illa tio n s  in  th e  e n su in g  c ro ss  
se c tio n  a s  w e ll a s  in o th e r  p h y s ic a l p a ram e te rs . W h ile  th e re  
h a s  b een  n o  e x p e rim e n ta l s tu d y  o n  m e ta l c lu s te rs , o sc illa tio n s  
in th e  v a le n c e  p h o to e le c tro n  in ten s ity  a re  in d eed  o b se rv e d  
fo r  Cso [2] a n d  C 70 [3 ] fiiile rin e  m o lecu le s , w h ich  a re  a lso  
sy s tem s  o f  q u a s i- f re e  d e -lo c a liz e d  e le c tro n s  c o n fin e d  w ith in  
a  n e a rly  sp h e r ic a l sh e ll.
S itu a tio n  b e g in s  to  g e t s im p le r  a s  th e  en e rg y  o f  th e  
in c id en t p h o to n  in c rea se s . In g e n e ra l, th e  c o n tin u u m  rad ia l 
w a v e fiin c tio n  fo r  su c h  p o te n tia ls  a re  v e ry  n e a rly  th e  
s p h e r ic a l  B e s s e l  f u n c t io n  w h e re  k„i is  th e
p h o to e le c tro n  m o m e n tu m . W ith  h ig h  p h o to -e n e rg y , an d  
th e re fo re  fa s t p h o to e le c tro n s , th is  fu n c tio n  lim its  to  cos(k„ir 
+  l 'fr /2 ) ,  th e  u su a l f irs t B o m  p ic tu re . In se rtio n  o f  th is  h ig h  
e n e rg y  fo rm  in to  th e  ra d ia l m a tr ix  e le m e n t im m ed ia te ly  
re v e a ls  th a t  th e  o sc illa tio n  in th e  d ip o le  a m p litu d e  w ill h av e  
a  fre q u e n c y  c lo se  to  th e  ra d iu s  o f  th e  c lu s te r . E v id en tly , th e  
c ro s s  se c tio n , w h ic h  is  th e  sum  o f  th e  sq u a re d  m o d u lo u s  o f  
a m p litu d e s  o f  a llo w e d  tra n s itio n s , w ill th e n  o sc illa te  in  a  
freq u e n c y  a p p ro x im a te ly  th e  d ia m e te r  :
~  c o s ( 2 R c k ^  + V n )  ( 1)
In  fa c t, th e  o sc illa tio n  in  a lk a li-m e ta l c lu s te rs  h as  b een  
p re d ic te d  e a r l ie r  th ro u g h  a  k in d  o f  sem i-c la ss ic a l s tu d y  [4] 
a n d  h as  la te r  b e e n  v e rif ie d  b y  n u m e ric a l c a lc u la tio n s  o f  th e  
to ta l c ro s s  se c tio n  o f  N a 4o u s in g  so m e  e ffe c tiv e  m e a n -f ie ld  
L D A  p o te n tia l [S].
In  th is  s tu d y  w e  c a lc u la te  su b sh e ll p h o to io n iz a tio n  c ro ss  
se c tio n s  fo r  N a 9j  c lu s te r  (ls^l/>*lrf'® 2 s ^ l / '* 2p ‘ lg**2 </*° 
lA ^^3s^) fro m  th re sh o ld  to  a b o u t I K eV  p h o to n -e n e rg y  in  
an  in d e p e n d e n t p a r t ic le  fram e . T h e  g ro u n d  s ta te  is  d e sc r ib e d  
b y  th e  e le c tro n  s e lf - in te ra c tio n  c o rre c te d  lo c a l-d e n s ity  
a p p ro x im a tio n  (L D A S IC ) [6 ], th a t  a p p ro x im a te ly  re s to re s  
th e  p h y s ic a l lo n g  ra n g e  - 1/ r  b e h a v io r  o f  th e  re su ltin g  s in g le ­
e le c tro n  p o te n tia l. F ig u re  1 p re s e n ts  so m e  selected  subshei 
c ro s s  se c tio n s  f ro m  n  -  1 m an ifo ld . T h e  oscillation in 
sec tio n s  is  v e ry  m u c h  in  e v id e n c e  a n d  th e  Fourier transfoi 
(n o t sh o w n ) o f  th e  c ro s s  se c tio n s  (a s  a  function of i. 
r e s p e c t iv e  k„i) in d e e d  p e a k s  a t  a  p o s itio n  which ' 
a p p ro x im a te ly  th e  d ia m e te r  o f  th e  c lu s te r .
Figure!. Ir, Igand IA subshell photoionization cross sections as a functr
of photon-energy calculated in LDA-SIC.
A n  in te re s tin g  p h y s ic a l a n a lo g y  o f  th is  phenom enon c 
a p p a re n tly  b e  d ra w n  w ith  d ie  u su a l d if fra c tio n  mechams 
in  o p tic s . T h e  lig h t sh in e s  o n  a  m e ta l c lu s te r  w hich is lil 
a  sp h erica l d o u b le -s lit w id i s lit w id th  to  b e  th e  cluster diarneK 
'F ree ' d e lo c a liz e d  e le c tro n s  o v e r  th e  b u lk  o f  the inten 
reg io n  a re  n e a rly  in sen sitiv e  to  th e  ligh t. P ho toelectron  wav, 
e m a n a te  o n ly  fro m  th e  tw o  slits , w h ic h  e ffec tiv e ly  are 1 
d ia m e tr ic a lly  o p p o s ite  s ite s  o n  th e  su rfa c e  o f  the sphcr 
T h ese  se c o n d a ry  w a v e s  w ith  a  c e r ta in  p a th  difference, th. 
is eq u a l to  th e  s lit w id th  an d  h e n c e  th e  d iam e te r , subsequent! 
in terfe re . A s a  re su lt, th e  c ro ss  sec tion  o sc illa te s  in a frequenc 
2Rc, a  fe a tu re  e q u iv a le n t to  th e  d is ta n c e  be tw een  consecutiv 
fr in g es  in  a  d if fra c tio n  p a tte rn  b e in g  2 tc{2R c).
F o r  a  g ro u n d  s ta te  su b sh e ll o f  th e  a n g u la r  momentum 
th e  tw o  d ip o le -a llo w e d  f re e  a n g u la r  m o m e n ta  are  / '  = /  ^
T h e re fo re , it can  b e  e a s ily  v e rif ie d  b y  u s in g  equa tion  ( 1) i 
th e  p h a se  c o n tr ib u t io n  to  a n y  <7„/ f ro m  th e  continuut 
w a v e fu n c tio n s  is  a lw a y s  l a  a t h ig h  e n o u g h  energy. Thi 
im p lie s  th a t  th e  h ig h  e n e rg y  p h a se  d if fe re n c e  b e tw een : 
tw o  su b sh e ll c ro ss  se c tio n s  w ill b e  p re d o m in a n tly  detentiine 
b y  th e  p h a se  c o n tr ib u tio n  fro m  th e ir  g ro u n d  sta te  anguh 
m o m en tu m  /. T h u s , fo r  a n y  tw o  su b -sh e lls  w ith  th e  differenc 
b e tw e e n  th e ir  /  v a lu e s  b e in g  a n  o d d  in te g e r  th e  corresponciini 
c ro ss  se c tio n s  w ill sh o w  o sc illa tio n s  la rg e ly  o u t o f  pha^  
w h ile  th e  d if fe re n c e  b e in g  ev e n  d ie y  w ill o sc illa te  in pha 
T h is  b e h a v io r  is  c le a r ly  e v id e n t a m o n g  th e  c ro ss  sectic 
in  F ig u re  1; w h ile  a  ro u g h  p h a se  ^ y e e m e n t  is  seen  I 
I s  a n d  \ d  c ro s s  s e c tio n s , I g  a n d  \ h  « e  c lea rly  o u t ' 
p h a se .
F ig u re  2 sh o w s th e  c ro s s  se c tio n s  fo r  2s a n d  3s sub-shell 
S u rp ris in g ly , o sc illa tio n s  in  th e s e  c ro s s  s e c tio n s  seem  to havi 
m o re  th a n  o n e  freq u e n c y . In d e e d , d ie  co rre sp o n d in g  Fou 
sp e c tra  id en tify  sev e ra l o th e r  fre q u e n c ie s  b e s id e s  the  phy^' 
o n e  th a t  c o n n e c ts  to  th e  c lu s te r  d ia m e te r . T hese 6**^ 
freq u en c ies  c an  be  sh o w n  to  b e  e n tire ly  sp u r io u s  and
E n ergetic  ph o to io n iza tio n  o f  neu tra l a n d  ion ic m eta l c lu sters 423
from the unphysical c u sp  th a t th e  se lf-in te rac tio n  co rrec tion  
/SIC) <^cnerates in su b sh e ll-d ep en d en t rad ia l po ten tia ls  a t the 
sition w here th e  re sp ec tiv e  s in g le  e lec tro n  d en sity  a tta ins 
nodal zero [7]. F igu re  3 sh o w s som e o f  th ese  po ten tia ls .
Hgure 2. Same as in F igure 1 bu t fo r 2s  and electrons.
Siibshells w ith « =  1 a re  n o d e less  and , th e re fo re , the  \s 
potential is seen to  h av e  th e  u sual shape . T h is Qtct exp la in s 
ihe correct b e h a v io r  o f  th e  re s u lt in g  c ro s s  sec tio n  for 
n - 1 family. S u b sh e lls  w ith  n 2, co n ta in in g  one node 
(Figure 3), y ie ld s a  seco n d  freq u en cy  in the d ip o le  am p litude  
that interferes w ith  th e  p h y sica l freq u en cy  to  co n tam ina te
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in tegral p redom inan tly  com ing  from  th e  edge  any  refinem en t 
in the long  d is tance  ch a rac te r o f  the w av efu n c tio n  leaves the 
re su lt p ra c tic a lly  u n a lte re d . It is, th e re fo re , o f  c ru c ia l 
im portance  to  choose  ap p ro p ria te  theo re tica l tech n iq u es to  
avo id  m is in te rp re ta tio n  o f  pho to -dynam ica l resu lts  fo r m etal 
clusters.
It is o % n  o f  in terest to  exam ine th e  in fluence  o f  th e  in itial 
io n iza tio n ^ ta te  on the pho to ion iza tion  dynam ics. A poss ib le  
approach  |o  th is d irection  is to  look a t the ch an g e  in the 
behav io r (|F pho to  cross sec tions as a function  o f  the residual 
charge  by;  ^reduc ing  the  valence elec tron  n u m b er (A^ bu t 
keep ing  the charge  o f  the je lliu m  back g ro u n d  co n stan t (iso- 
je llium  series). In the a tom ic reg im e, recen t investiga tions 
on isoelectron ic  sequences revea led  a n u m b er o f  im portan t 
effects at low  p ho ton -energ ies  [8 ] .W e co n sid e r here  the 
pho io ion iza tion  o f  neu tra l N ass (N  " 58) and Nafg (A^  = 52) 
ion to  m ake a p re lim inary  study  on  th e  e ffec t o f  th e  je lliu m  
ion icity  on the to tal ion iza tion  cross sec tion ; a de ta iled  study  
includ ing  subshell c ross sec tions fo r severa l o th e r ions a long  
bo th  iso-je llium  and  isoelec tron ic  series w ill be  co nsidered  
e lsew here.
I 'o ta l c ross sec tio n s fo r bo th  th e  sy s tem s ca lcu la ted  
via L D A , but w ithou t SIC  inco rpo ra ted , are co m p ared  in 
F igure 4. B oth the cross sec tions look qua lita tiv e ly  s im ila r
tigure 3. LDASIC state dependent radial potentials for some selected
subshells.
the cross sec tion  w ith  th ree  sp u rio u s  freq u en c ies . T he sam e 
mechanism w o rk s  fo r n -  3 subshell w h ich  has tw o  nodal 
points (F igu re  3 ) to  e v en tu a lly  p ro d u ce  e ig h t unphysica l 
frequencies in th e  p h o to  c ro ss  sec tion . W e found  th a t th is 
is an a r t ifa c t o f  an  e x te rn a l,  a n d  h e n c e  a p p ro x im a te , 
implementation o f  S IC  in a  local fram e [7]. T he co rrec t 
elim ination o f  th e  s e lf - in te ra c tio n  m u s t tre a t fully  th e  
exchange e ffec t w h ich  is in trin sica lly  non -loca l. T h is answ ers 
'vhy SIC is au to m a tica lly  b u ilt in th e  n o n -lo ca l H artree-F ock  
formalism. T h e  L D A S IC  is ce rta in ly  a  po w erfu l too l to  
handle the low  en e rg y  d y n am ics  [6 ], b u t it is a lso  true  tha t 
foe effect d iscu ssed  h e re  rem a in s  v irtu a lly  recessiv e  in th is 
energy range  fo r  th is  m e th o d , b ecau se  th e  co n tinuum  w ave 
'''ith the lo n g er w av e len g th  can  ha rd ly  ‘d e te c t’ th is  struc tu re  
in the po ten tia l. O n  th e  o th e r  h an d , a t h ig h e r energ ies  th is 
‘'^frinsic lim ita tio n  o f  th e  fo rm alism  cau ses m ajo r p rob lem , 
although SIC  is fo u n d  la rg e ly  u n im p o rtan t ov e r the  h igh  
energy ran g e  s in ce  w ith  th e  co n tr ib u tio n  to  th e  overlap
Figure 4. Total high-cnergy cross sections for Nhsh and Najj systems 
calculated in usual FDA without SIC incorporated.
hav ing  the iden tical trend  in te rm s o f  o sc illa tions. O f  course , 
w ith  the  increase  o f  positive  residual ion ic ity  b o u n d  e lec tro n s 
find  it h a rd e r to  escape , w h ich  ex p la in s w h y  th e  ion ic  cross 
sec tion  is low er. A t th is  p o in t it m ay  be ra th e r in te restin g  to  
look at the  L D A  g ro u n d  sta te  rad ia l p o ten tia ls  fo r b o th  the  
system s, as a re  p lo tted  in F igu re  5. C learly , th e  in crease  o f  
the residual p o sitive  cha rg e  from  in th e  n eu tra l to  t 7 in 
the  ion on ly  deep en s th e  p o ten tia l w h ile  the  p o sitio n  an d  the  
so ftness o f  the  edge  rem ain s la rge ly  unch an g ed . A lth o u g h  
th is  is a  d irec t co n seq u en ce  o f  th e  je lliu m  ap p ro x im atio n , bu t 
a p ro p e r inclusion  o f  th e  ion ic  d y n am ics is n o t ex p ec ted  to  
change the situation  significantly . It is ev iden t th a t th e  identical 
frequency  o f  the  o sc illa tion  in bo th  the  c ro ss  sec tio n s is
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owing to the unaltered position of the cluster edge. Also, the 
identical softening at the edge of the potentials accounts for 
the similar background decay pattern of the cross sections.
What is rather interesting, however, is while the depth of 
the potential for the ion increases greatly, by about 200“/b of 
that of its neutral partner, respective total cross sections 
(Figure 4) arc very close to each other! In fact, over the entire 
high energy range they differ only by a simple energy- 
independent scaling factor that is roughly close to unity.
It turns out that this scaling quantity is a function of e, 
the initial ionization of the system. Starting from the fact that 
the dominant contribution to the cross section comes from 
the cluster edge, where the derivative of the potential peaks, 
it immediately fallows that the r-dependcnce of the cross 
section will be predominantly determined by thez-dcpcndcncc 
of the bound state wavcfunction at the edge. Therefore, cross 
sections must be of similar strength as the magnitude of 
radial waves are considerably close to each other at the edge, 
no matter what positive charge they experience. Thus, the 
situation clearly offers a possibility of generating the 
theoretical ionic photoionization data over the high energy 
range through a simple scaling of the result for respective 
neutral member; the formulation of a detailed scheme is on 
the anvil.
3. Concluding remarks
Energetic photo-spectra of metal clusters are largely 
dominated by oscillations from a diffraction-like mechanism 
through the interference of electron waves emitted by the 
cluster edge. This behavior is directly connected to the 
delocalized character of the electron charge distribution.
Similar mechanism is also found operative for the 
photoionization of C(,o molecule [9). A unique .sirufiup' 
feature of Cwi is a hollow cage that can easily hold «n atof|, 
inside; in fact such endohedral confinement has been mai' 
possible in the laboratory. Therefore, having understood ii., 
mechanism of oscillations in C6o photo-spectra it is now (,' 
particular interest to study the influence of Cfio cavils ,m tin 
photo-response of an atom endohedrally confined into u a',ii 
the associated spectroscopy. Investigations along thi.s imc n 
underway and will be published soon [10]. Furihermoto 
with the enormous advent of .semiconductor technolos% 
has been possible to prepare small electron-islands of stinn-' 
quantum properties, quantum dots, within the semicoiiducior 
lattice. Understanding of the physics of quantum dot< i, 
valuable because of the potentially huge application,!! 
importance of these objects. Electrons foming a qimniuni 
dot are certainly delocalized in nature and, therefore, ilki! 
ionization by photon impact with high enough energv ir„i, 
.show diffraction pattern providing valuable infomiation ahou' 
the hither-to-unknown geometry of the dot. A part ol 
current endeavor is focussed on this subject.
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